One sentence summary: The first genome of a member of the uncultivated Candidatus Lumbricidophila genus, an earthworm symbiont present in approximately 20% of investigated Lumbricid earthworms, is sequenced.
INTRODUCTION
Extracellular symbiotic bacteria have long been known to colonize the nephridia of earthworms (Lumbricidae) (Knop 1926) . The nephridia are the worm's excretory system involved in the excretion of nitrogenous waste as well as osmoregulation (Edwards and Bohlen 1996) . The nephridia are found in pairs in every segment of the worm, and the symbionts reside in one specific part of the nephridium called the ampulla (Knop 1926; Schramm et al. 2003) . The complexity of the symbiont community varies between earthworm species; some species are exclusively colonized by Verminephrobacter (Lund et al. 2010) , while others have mixed communities, where Ca. Nephrothrix is a member in about half of the investigated species (Møller, Lund and Schramm 2015) . Both Verminephrobacter and Ca. Nephrothrix are species-specific symbionts (Lund et al. 2010; Møller, Lund and Schramm 2015) and they are vertically transmitted through the cocoon (egg-capsule) (Davidson, Powell and Stahl 2010) . Verminephrobacter is thought to have co-evolved with lumbricid earthworms since their last common ancestor about 100 million yours (MY) ago (Lund et al. 2010) , while the much younger Ca. Nephrothrix has only recently co-speciated with closely related hosts (Møller, Lund and Schramm 2015) . Both symbionts are beneficial for their host as they increase its fitness and/or fecundity (Lund et al. 2010; Viana et al. 2018) . Meanwhile, little is known about the remaining symbionts from diverse earthworm species (Davidson, Powell and James 2013) .
The common compost worms, Eisenia fetida and E. andrei, are two model species used to investigate the nephridial symbiosis (Davidson et al. 2006 Davidson, Powell and Stahl 2010; Dulla et al. 2012; Viana et al. 2018) . These two closely related species harbor mixed nephridial communities with Verminephrobacter and Ca. Nephrothrix as prominent members. A third, Agromyces-like (Actinobacteria; Microbacteriaceae) symbiont, has also been detected in the nephridia (Davidson, Powell and Stahl 2010; Davidson, Powell and James 2013) . Because it is present in both the cocoon albumin and in the nephridia it is assumed that the Agromyces-like symbiont colonizes the embryo in the same manner as Verminephrobacter and Ca. Nephrothrix, although it has never been demonstrated directly (Davidson, Powell and Stahl 2010) . In spite of numerous attempts, the Agromyces-like symbiont has never been cultivated (Mogensen and Viana, unpublished) , thus little is known about its general biology; likewise, its host specificity and distribution among earthworm species is unknown. In order to learn more about the Agromyces-like symbiont the objectives of this study were to (i) obtain and analyze a genome of the Agromyces-like symbiont of E. andrei by sequencing a cocoon metagenome, (ii) investigate the distribution of the symbiont among lumbricid earthworms and (iii) assess if the symbiont is species-specific.
MATERIALS AND METHODS

Cocoon metagenome: sample preparation and DNA extraction
The uncultured Agromyces-like symbionts are present in both nephridia and in cocoon albumin (Davidson, Powell and Stahl 2010) . Because host DNA is easier to eliminate from cocoon albumin than from nephridial tissue we decided to sequence a cocoon metagenome to obtain a high-quality genome of the uncultured Agromyces-like symbiont from the compost worm Eisenia andrei. To further increase the proportion of Agromyceslike symbionts in the mixed cocoon community, we collected cocoons from a laboratory worm culture where Verminephrobacter had previously been eliminated through antibiotics treatment (Viana et al. 2018) . About 50 young cocoons (up to 7 days old) were collected from second-generation Verminephrobacterfree worms that had never been exposed to antibiotics. The cocoon albumin was squeezed out with sterile forceps directly into 0.1 x dilute phosphate buffered saline (air exposure of the albumin will make it difficult to dissolve), and filtered through a 10 μm filter to eliminate host material (eggs, sperm and small embryos). The filtrate was spun at 20.000 x g for 5 min, and the pellet was used for DNA extraction using the DNeasy Blood & Tissue kit (Qiagen, Valencia, CA, USA) following the protocol for bacteria.
Cocoon metagenome sequencing and genome assembly
Sequencing libraries were prepared from the DNA extracted from 50 cocoons using the Nextera DNA Sample Preparation Kit (Illumina Inc.) following the manufacturers recommendation using 50 ng of input DNA. The prepared libraries were sequenced using an Illumina MiSeq (2 × 301bp) and Illumina HiSeq (2 × 151 bp).
Paired-end Illumina reads in FASTQ format were imported to CLC Genomics Workbench v. 10.0 (CLCBio, Qiagen) and trimmed using a minimum phred score of 20, a minimum length of 50 bp, allowing no ambiguous nucleotides, and trimming off Illumina sequencing adaptors if found. All trimmed reads were co-assembled using CLCs de novo assembly algorithm, using a kmer of 63 and a minimum scaffold length of 1 kbp. The trimmed reads were mapped to the de novo assembled scaffolds using CLCs map reads to reference algorithm, with a minimum similarity of 90% across 80% of the read length. The resulting data were analyzed using the differential coverage approach outlined in Albertsen et al. 2013 and implemented through the mmgenome software package in R (Karst, Kirkegaard and Albertsen 2016) . Genome completeness was estimated with checkM using the lineage workflow; 69 Actinomycetales genomes with 400 marker genes were used for the analysis (Parks et al. 2015) .
Genome annotation and analysis
The genome was submitted for annotation to the Integrated Microbial Genomes (IMG) pipeline (Markowitz et al. 2013 ) and the NCBI Prokaryotic Genome Annotation Pipeline. All subsequent analyses were carried out with the IMG annotation. Genome sequences have been submitted to IMG and NCBI under accession numbers 2643221446 and NAEP00000000, respectively.
General metabolic pathways in the genome were identified using Pathway Tools ; a Pathway/Genome Database was generated by the PathoLogic component of Pathway Tools software version 19.5 and MetaCyc version 19.5 (Dale, Popescu and Karp 2010; Karp et al. 2010; Caspi et al. 2013 ) and manually curated.
Conserved single-copy protein tree and genome similarity analysis
A conserved protein tree was constructed from genomes of 62 closely related Micrococcales retrieved from the IMG database. A concatenated alignment of single-copy orthologous genes was created using quickCOAT (Marshall et al. 2017 ; https://gith ub.com/ianpgm/quickCOAT), which applies the following algorithm: blastp was used to search protein sequences from each genome against the reference genome (the Agromyces-like symbiont EaCA). Single-copy orthologs were defined as all hits with a bitscore of 30% or more of the maximum bitscore (Lerat, Daubin and Moran 2003) appearing exactly once in each genome. All 155 identified orthologs were aligned using muscle with default settings (Edgar 2004 ), alignments were concatenated and then trimmed using Gblocks (Talavera and Castresana 2017) . The concatenated and trimmed amino acid alignment was used to construct a phylogenetic tree using IQ-TREE web server with default settings and 1000 bootstraps (Nguyen et al. 2015) .
Three metrics were used to analyze the genome similarity of EaCA to closely related organisms available in IMG (7 Agromyces sp. and 24 Leifsonia sp.); (i) average nucleotide identity (ANI), (ii) average amino acid identity (AAI) and (iii) percentage of Conserved Proteins (POCP, Qin et al. 2014) . Pairwise ANI was calculated using the IMG platform where all genes with more than 70% identity and at least 70% coverage of the shorter gene were included in the analysis. Pairwise AAI was calculated using the Kostaslab AAI matrix calculator (http://enve-omics.ce.gatech.e du/g-matrix/). Pairwise POCP was calculated using a custom Python script according to Qin et al. 2014 ; conserved proteins between two genomes were identified by BLASTP using an Evalue less than 1e-5, amino acid identity above 40% and an alignable region of more than 50% of the query.
Distribution of the Agromyces-like symbionts: sample collection, nucleic acid extraction, PCR, cloning and sequencing
A total of 20 earthworm species, 1-4 individuals of each (Table  S1 , Supporting Information) were collected primarily in Denmark and Germany and identified by analytical keys (Sims and Gerard 1985; Andersen 1997 ). The worms were dissected and nephridia were picked for DNA extraction as described by Lund et al. (2010) . DNA was extracted from dissected nephridia using the DNeasy Blood & Tissue kit (Qiagen, Valencia, CA, USA) following the protocol for animal tissue.
DNA extracts were screened for the presence of Agromyceslike symbionts using the specific primers EfA243F (Davidson, Powell and Stahl 2010) and Leif 841R (this study) targeting the 16S rRNA gene. Positive samples were subsequently amplified with the semi-specific primer pair EfA243F and 1492R (Lane 1991) to yield a longer 16S rRNA gene fragment (1245 bp), cloned using pGEM R -T easy vector system, (Promega), and Sanger sequenced at GATC (Konstanz, Germany). All PCR reactions were run with the Taq master mix (VWR, Herlev, Denmark) with 0.2 μM of each primer. Primer sequences and thermal cycling conditions are given in Table S2 (Supporting Information).
All sequences have been submitted to GenBank with the accession numbers KX078334-71.
Phylogenetic analysis of 16S rRNA genes
The 16S rRNA gene sequences were aligned with the online SINA aligner (Pruesse, Peplies and Glöckner 2012) and imported into an existing ARB database (SSURef 111 SILVA NR, Ludwig et al. 2004; Pruesse et al. 2007 ) containing all published Agromyces-like earthworm symbiont sequences (Table S3 , Supporting Information). Representative sequences from Micrococcales were selected and a Bayesian Inference (BI) tree was calculated in MrBayes v3.2.6 (Ronquist et al. 2012) . First the data were analyzed in jModelTest v2.1.5 (Guindon and Gascuel 2003; Darriba et al. 2012) to determine an appropriate model of evolutionary nucleotide substitution. The best fit substitution model was found to be GTR + I + based on the Akaike Information Criterion (Akaike 1974) . A 65% majority rule consensus BI tree was then calculated in MrBayes v3.2.6 (Ronquist et al. 2012) . The substitution model was set to GTR + I + and the trees were calculated based on four simultaneous runs with six chains each and a sampling frequency of 1000. After 2 000 000 generations the potential scale reduction factors (PSRF) showed 1.000 indicating stationarity (Ronquist et al. 2012) . The first 25% of the data were discarded as burn-in. Only sequences longer than 1400 bpwere included in the BI tree and shorter sequences were subsequently added in ARB using the ARB parsimony quick add function.
RESULTS AND DISCUSSION
Insights from genome analysis
One high-quality genome representing an Agromyces-like earthworm symbiont was extracted and assembled from the cocoon albumin metagenome. Sequencing project information is summarized in Table S4 (Supporting Information). The genome assembled in 73 scaffolds with a genome size of 2.85 Mb and a GC content of 60.4% (Table 1 ). The genome completeness and contamination was estimated to 96.34 and 1.52%, respectively, using checkM (Parks et al. 2015) . The genome annotation by the IMG and NCBI pipelines identified 2812 and 2665 genes, respectively (Table 1) . Throughout the paper, we will refer to the IMG annotation unless otherwise stated. A total of 2758 protein coding genes were identified, and 1603 genes (58%) were assigned to COG categories (Table1). Distribution of protein coding genes on COG categories is summarized in Table S5 (Supporting Information).
Metabolic properties and transport systems
According to the genome, the Agromyces-like symbiont of E. andrei is a facultative aerobic chemo-organoheterotroph and its general metabolic capabilities are summarized in Table 2 . It has complete pathways for glycolysis and tricarboxylic acid (TCA) cycle including the glyoxylate cycle that enables bacteria to live off simple carbon compounds that enter the cycle as acetylCoA. It has pathways for both the acid-producing homo-lactic fermentation and the non acid-producing butanediol fermentation, and it can respire anaerobically with fumarate as an electron acceptor. For aerobic respiration, it has both a cytochrome c oxidase and a high oxygen affinity cytochrome bd oxidase. Jointly the genome suggests that the Agromyces-like symbiont is a facultative aerobe that can also thrive at low oxygen tension. Thus, it may be a microaerophile similarly to the Verminephrobacter earthworm symbiont (Pinel, Davidson and Stahl 2008; Lund et al. 2011) . This would also correspond well with the expected low oxygen tension in the host nephridia.
The genome encodes pathways for biosynthesis of all proteinogenic amino acids as well as biosynthesis and salvage pathways for all nucleotides and nucleosides. It has the complete pathway for riboflavin biosynthesis and an almost complete pathway for folate biosynthesis. It cannot produce biotin but encodes an ABC transporter for its uptake. Overall it has the potential of producing most building blocks required for growth.
Host associated bacteria commonly use different secretion systems to interact with their hosts; however, the genome of the Agromyces-like symbiont only encodes the highly conserved and ubiquitous Sec-SRP and the Twin arginine targeting (Tat) secretion systems for export of unfolded and folded proteins, respectively. It also encodes 20 types of complete ABC transporters where some of them, particularly those involved in sugar transport, occur in multiple copies (Table 2) . Two toxins that are potentially involved in host infection are also encoded in the genome: the membrane damaging hemolysin III (HlyIII) and a hyaluronoglucosamidase (hya) that can damage the extracellular matrix thereby allowing adherence to the host.
Lack of motility
Symbiont motility is central to colonization of the earthworm host: disruption of motility genes in Verminephrobacter eiseniae rendered it unable to colonize the host (Dulla et al. 2012 ) and a microscopy study showed active migration via a recruitment channel to the developing nephridia of both Verminephrobacter and Ca. Nephrothrix (Davidson, Powell and Stahl 2010) . Although the Agromyces-like symbionts were only observed to aggregate at the opening pore of the recruitment channel, they are assumed to also migrate through the channel during colonization of the nephridia (Davidson, Powell and Stahl 2010) . Surprisingly, motility genes, for either flagella or Type IV pili involved in twitching motility, have not been identified in the genome of EaCA, which raises the question of how they migrate to the nephridium. Either the symbiont is motile but the involved genes have not been identified, or they manage to colonize the host without being motile. Hitchhiking, where non-motile bacteria attach to motile bacteria and are carried along, has been demonstrated in other bacteria (Hagai et al. 2014; Samad et al. 2017) . Thus, the Agromyces-like symbiont could potentially hitchhike with either Ca. Nephrothrix or Verminephrobacter, or both, and thereby make their way into the nephridium where they can proliferate. The genome does not encode any complete pili to facilitate adherence but it does encode one putative operon with several components of the tight adherence (Tad export apparatus) as well as two genes involved in pilus formation (Table S6 , Supporting Information). One sortase (sortase A), which Gram positive bacteria use to covalently link proteins to the cell wall, is also present in the genome (Table S6 , Supporting Information). The covalently linked proteins are commonly involved in adherence to hosts (Spirig, Weiner and Clubb 2011) . Hitchhiking is likely not a very reliable mechanism in host colonization, which may explain why the Agromyces-like symbiont is often observed to only colonize some of the nephridia in a single host individual (Davidson, Powell and Stahl 2010) .
The Agromyces-like symbiont forms a unique phylogenetic branch and has a reduced genome with AT-bias
A conserved protein tree, based on 155 single-copy orthologous protein sequences from genomes of 62 closely related organisms, is shown in Fig. 2 . The Agromyces-like symbiont, EaCA, forms a strongly supported sister branch to the Agromyces group. The genome-wide similarity between the Agromyces-like symbiont, EaCA, and organisms from the three most closely related groups; Agromyces and Leifsonia I and II was calculated using three metrics: (i) average nucleotide identity (ANI), (ii) average amino acid identity (AAI) and (iii) percentage of conserved proteins (POCP, Qin et al. 2014) . ANI is used for delimiting species with a cutoff of 94% (Konstantinidis and Tiedje 2005) but the metric is not suitable for delineation of genera, instead AAI or POCP should be used. The AAI metric uses an amino acid identity cutoff of 65% for genera (Konstantinidis, Rosselló-Mora and Amann 2017) , whereas the POCP metric examines the proportion of conserved proteins that two organisms share and a POCP of 50% has been demonstrated to be a suitable genus level cutoff (Qin et al. 2014) . The average ANI, AAI and POCP between the genome of the Agromyces-like symbiont, EaCA and the 7 Agromyces sp. were 74%, 64% and 38%, respectively (Fig. 2) . Thus, both AAI and POCP are below the accepted genus cutoffs of 65% and 50%, respectively. The Agromyces-like symbiont, EaCA, has both a reduced genome and a lower GC content than its closest relatives (Fig. 1) . The GC content is 60% in the Agromyces-like symbiont compared to about 70% in the Agromyces spp. And its genome size is 2.85 Mbp compared to 3.7-4.8 Mbp in its close relatives. Genome reduction and AT-bias are common hallmarks of particularly intracellular insect symbionts that go through repeated population bottlenecks when they are transferred from one host generation to the next (reviewed in McCutcheon and Moran 2012). Thus, this indicates a strong association of the Agromyces-like symbiont with it earthworm host, which furthermore makes it unlikely that this symbiont is living in an environmental reservoir outside the host.
Possible species-specificity of Agromyces-like earthworm symbionts
The distribution of Agromyces-like symbionts is limited to a few groups within the Lumbricid earthworms. In this study, they were detected in 4 of the 20 earthworm species investigated, thus when including the previous study (Davidson, Powell and Stahl 2010; Davidson, Powell and James 2013) 10 of the 51 lumbricid earthworm species analyzed were positive for Agromyceslike symbionts (Tables S1 and S3 , Supporting Information). The Agromyces-like symbionts could not be consistently detected in all individuals of the same host species: we failed to detect it in one of three Dendrodrilus rubidus samples and two of four Eisenia fetida samples. We could not detect it in any samples from Octolasion tyrtaeum even though Davidson, Powell and James (2013) published two sequences from this species (Tables S1 and S3 , Supporting Information); this discrepancy could be due to difference between local worm populations as the worms analyzed in this study were collected in Denmark and Germany, while those in Davidson, Powell and James (2013) were collected in Hungary. We cannot determine if the sporadic detection is caused by low abundance of the symbiont (below our detection limit) or if it is truly absent in some individuals. Davidson, Powell and Stahl (2010) also reported patchy colonization within host individuals, where the Agromyces-like symbionts are only present in some of the nephridia of the host.
Both the Agromyces-like symbiont and Verminephrobacter have been detected by terminal restriction fragment length polymorphism (T-RFLP) in bedding soil of their earthworm host, although in very low numbers (Davidson, Powell and Stahl 2010) . However, the symbionts are not thought to live in an environmental reservoir outside the earthworm host. The Integrated Microbial NGS platform (IMNGS; Lagkouvardos et al. 2016 ) was used to BLAST the Agromyces-like symbionts 16S rRNA gene against the NCBI sequence read archive, but it was only detected in low abundance (0.001%-0.25% of reads) in 11 out of 168 573 samples. BLAST against the NCBI Nucleotide collection (nr/nt) did not produce any non-earthworm related hits. Fourteen commonly used general bacterial primers all match the 16S rRNA gene of the Agromyces-like symbiont (Fig. S3, Supporting Information) , thus primer bias does not explain why the symbiont is not detected in other environments.
Based on the 16S rRNA gene the Agromyces-like symbionts form one monophyletic cluster as a sister clade to Agromyces sp. (Fig. 3) , consistent with the conserved protein-based tree (Fig. 2) . Overall, however, the two trees do not have the same topology of the major groupings (Figs 2 and 3) . The symbiont group and the genus Agromyces have a high average 16S rRNA gene similarity of 96.1%.
Within the symbiont group, there are some indications of host species-specificity, where symbionts of Dendrodrilus rubidus and Eiseniella tetraedra each form their own groups. However, symbionts from four closely related Eisenia spp. form one subcluster with indistinguishable sequences (Fig. S2, Supporting  Information) . The symbionts of two other closely related earthworm genera, Octodrilus sp. and Octolasion tyrtaeum, also form one mixed cluster. The latter two host genera have diverged about 70 ± 7 million years (MY) ago, which is only slightly older than the host divergence within the Eisenia genus about 62 ± 7 MY ago (Domínguez et al. 2015) . Thereby the Agromyces-like symbionts appear to be host species-specific or specific for groups of closely related host species; based on the 16S rRNA gene sequences alone, this cannot be resolved, as the colonization of Eisenia, Octodrilus and Octolasion hosts may have been too recent for the symbiont 16S rRNA genes to diverge. The geographic origin of the samples does not influence the symbiont phylogeny (Fig. S2, Supporting Information) .
A young symbiosis with no co-speciation
Judging from the overall 16S rRNA gene sequence diversity, the Agromyces-like symbiont is much younger than the two other described earthworm symbionts: Verminephrobacter and Ca. Nephrothrix. The maximum intra-group distance of the 16S rRNA gene sequence is 3.2% for the Agromyces-like symbionts compared to 7.3% and 4.8% for Verminephrobacter and Ca. Nephrothrix, respectively (Møller, Lund and Schramm 2015) . Verminephrobacter has been estimated to be about 100 MY old giving an average substitution rate of 0.073 substitutions·site −1 ·100 MY −1 (Lund et al. 2010; Møller, Lund and Schramm 2015) . With the rough assumption that the rate of 16S rRNA gene evolution is constant and identical in all three symbiont groups, a very crude estimate of the age of Ca. Nephrothrix and the Agromyces-like symbionts is 66 and 44 MY, respectively (based on the substitution rate in Verminephrobacter). This crude age estimate makes the Agromyces-like symbiont group younger than their Eisenia sp. and Octodrilus and Octolasion hosts (62 ± 7 MY and 70 ± 7 MY, respectively, Domínguez et al. 2015) , thus local co-speciation between the symbiotic partners is highly unlikely. Also, the higher-level topology of the symbiont tree is not congruent with the host tree phylogeny (Domínguez et al. 2015) . Instead, the Agromyces-like symbionts are more likely to have spread horizontally in the host population while maintaining a preference for these closely related hosts.
Proposal of candidate genus Lumbricidophila
Based on three major points we propose that the Agromyceslike symbionts of earthworms form their own novel genus: (i) the symbionts form a novel monophyletic cluster based on both conserved protein sequences and on 16S rRNA sequence data (Figs 2 and 3) , (ii) they have a low overall genome similarity to their closest relatives with an AAI and POCP of only 64% and 39%, respectively, between the genome of the Agromyces-like symbiont, EaCA, and the Agromyces group, and (iii) they have a defined ecological niche in the cocoons and nephridia of earthworms. Thus, in accordance with the Report of the ad hoc committee for the re-evaluation of the species definition in bacteriology (Stackebrandt et al. 2002) , we propose the establishment of a candidate genus with the name 'Candidatus Lumbricidophila' [Lum.bri.ci.do.phi.la. Lumbricidae, a family of earthworms; N.L. adj. philus (from Gr. adj. philos), friend, loving; N.L. fem. lumbricidophila, lumbricid-loving] to reflect its association with Lumbricid earthworms. As a first representative of the candidate genus, we suggest the specific symbiont of Eisenia andrei to be named 'Ca. L. eiseniae' to reflect its host origin.
SUPPLEMENTARY DATA
Supplementary data are available at FEMSEC online.
